Abstract. Earth's extant ice sheets are of great societal importance given their ongoing and potential future 8 contributions to sea-level rise. Numerical models of ice sheets are designed to simulate ice sheet behaviour in 9 response to climate changes, but to be improved require validation against observations. The direct 10 observational record of extant ice sheets is limited to a few recent decades, but there is a large and growing body 11 of geochronological evidence spanning millennia constraining the behaviour of palaeo-ice sheets. Hindcasts can 12 be used to improve model formulations and study interactions between ice sheets, the climate system and 13 landscape. However, ice-sheet modelling results have inherent quantitative errors stemming from parameter 14 uncertainty and their internal dynamics, leading many modellers to perform ensemble simulations, while 15 uncertainty in geochronological evidence necessitates expert interpretation. Quantitative tools are essential to 16 examine which members of an ice-sheet model ensemble best fit the constraints provided by geochronological 17 data. We present an Automated Timing Accordance Tool (ATAT version 1.0) used to quantify differences 18 between model results and geo-data on the timing of ice sheet advance and/or retreat. To demonstrate its utility, 19 we perform three simplified ice-sheet modelling experiments of the former British-Irish Ice Sheet. These 20 illustrate how ATAT can be used to quantify model performance, either by using the discrete locations where 21 the data originated together with dating constraints or by comparing model outputs with empirically-derived 22 reconstructions that have used these data along with wider expert knowledge. The ATAT code is made available 23 and can be used by ice-sheet modellers to quantify the goodness of fit of hindcasts. ATAT may also be useful 24 for highlighting data inconsistent with glaciological principles or reconstructions that cannot be replicated by an 25 ice sheet model. 26
Introduction 27
Numerical models have been developed which simulate ice sheets under a given climate forcing (e.g. Greve, 28 Geosci. Model Dev. Discuss., https://doi.org/10.5194/gmd-2018-12 Manuscript under review for journal Geosci. Model Dev. There is another cause of ice-sheet models not being able to accurately predict the evolution of ice-sheets, which 209 is the presence of instabilities -we use this term in the technical sense of a small perturbation in leads to the 210 whole ice-sheet system amplifying this small perturbation to the extent it can leave a mark in the geological 211 record. A classic example of this in ice-sheet dynamics is the marine ice-sheet instability (MISI), first discussed 212 in the1970s (Hughes, 1973; Weertman, 1974 , Mercer, 1978 ) and more recently put on a sounder mathematical 213 footing (Schoof 2007 (Schoof , 2012 . 214
The MISI actually refers to an instability in grounding-line (GL) position on a reverse slope, where the water 215 depth is shallowing in the direction of ice flow. Since ice flux increases with ice thickness, a straightforward 216 argument leads to the conclusion that if the GL advances into shallower water, the efflux will decrease, the ice 217 sheet will gain mass and the advance continue. If, on the other hand, the GL retreats, the efflux will increase, the 218 ice-sheet will lose mass and the retreat continue. The latter process led to concerns that the retreat of Antarctic 219
and Greenlandic ice-sheets would cause several metres of sea-level rise over one or two centuries. Schoof 220 (2007 Schoof 220 ( ,2012 showed that the MISI was in accordance with the understanding and use of the word 'instability' by 221 physicists and mathematicians. 222
In principle, given the right parameterisations and basal topography, ice-sheet models should be able to predict 223 the 'trajectory' of GL migration arising as a consequence of the MISI. However, the MISI is one of the class of 224 instabilities that lead to poor predictability; certain small variations of parameters and specifications will lead to 225 large-scale changes in the 'trajectory', in this case the retreat history. A well-known analogy is the 'butterfly 226 effect', which originated in atmospheric modelling work (Lorenz, 1963) ; the butterfly effect is concerned with 227 the consequences of the statement "small causes can have larger effects". 228
Schoof's theory was for a very straightforward marine ice-sheet configuration -no buttressing, ice motion all by 229 sliding, isothermal, but its accuracy was confirmed by a large group of researchers running their models for this 230 simple configuration (Pattyn et al., 2012). Schoof (2012) showed that for his configuration, the existence of a 231
Geosci. Model Dev. Discuss., https://doi.org/10.5194/gmd-2018-12 Manuscript under review for journal Geosci. Model Dev. indicating rapid retreat along some zones of reverse slope in palaeo-ice sheets, which leads to the question of 241 how accurately we should expect ice-sheet models to be able to reproduce the observed retreat rates in the 242 presence of physical instability. Schoof's progress is very recent, so the necessary ensemble runs have yet to be 243 carried out by researchers focussing on the relationship between the presence of the MISI and the amplification 244 of data uncertainties or physics errors/over-simplifications (as placed in the models). 245
Considerations when comparing geochronological data and ice-sheet model output 246
Sections 2.1 and 2.2 make it clear that several factors must be considered in order to satisfactorily compare 247 geochronological data and ice-sheet model output (Table 2 ). Most critically, the two datasets involved in any 248 comparison have varying spatial properties. Raw geochronological data is unevenly distributed and located at 249 specific points, with horizontal position accurate to a metre or so; such data may be used to plot ice-margin 250 fluctuations of the order of tens of kilometres ( Figure 2C ). Ice-sheet models typically produce results on evenly-251 spaced points (at ~5 km to 20 km resolution) that are distributed over and beyond the maximum area of the 252 palaeo-ice sheet (Table 2; Figure 2B ). Consequently, in comparing the two, a choice must be made; either 253 geochronological data should be gridded (coarsened) to the resolution of the ice-sheet model, or the ice-sheet 254 model results must be interpolated to a higher resolution. Both options have drawbacks, as the former removes 255 spatial accuracy from geochronological data while the latter relies upon interpolation beyond model resolution 256 and, more seriously, model physics. A second problem lies in the spatial organisation of the data (Table 2) . Ice-257 sheet models produce a regular grid of data ( Figure 2B ), meaning that no location is more significant than any 258 other when comparing the modelled deglacial chronology with that inferred from geological data. Conversely, 259 owing to the uneven distribution of raw geochronological data, some regions of a palaeo-ice sheet may be better 260 constrained than others ( Figure 2C ). As noted by Briggs and Tarasov (2013), any comparison that does not treat 261 the uneven spatial distribution of geochronological data may favour sites where numerous dates exist over more 262 isolated locations. One approach to overcoming these disparities is to use an interpolation scheme (e.g. 263 empirical reconstruction, Bayesian sequence) on the raw geochronological data. This produces a 264 geochronological framework by combining evidence on pattern and timing to yield a distribution that is spatially 265 more uniform and a spatial resolution similar to that of palaeo-ice sheet model output ( Figure 2D ). 266
The temporal intervals between and precision of geochronological data and ice sheet model output also vary 267 (Table 2 ). The time intervals between geochronometric data are determined by the number of available 268 observations, and precision determined by sources of uncertainty. Conversely, ice sheet models produce output 269 at regular intervals and are temporally exact, which is to be contrasted with 'correct'. Since the output interval 270
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radiocarbon dates have precision typically in the order of hundreds of years but do not directly constrain ice 273 extent, whilst empirically reconstructed isochrones are typically produced for thousand-year time-slices (e.g. Table 3 provides the required variables and standard names for each dataset. In order to determine the advance 338 age or deglacial age predicted by the ice sheet model, ATAT requires either an ice thickness (where the model 339 does not produce ice shelves) or a grounded ice-mask variable (where ice shelves are modelled). In the latter 340 case, the user is asked to define the value which represents grounded ice. 341
Empirical advance and deglacial geochronological data (Table 1) require separate input files (NETCDF format), 342 as model-data comparison for these two scenarios are run separately in ATAT. Table 1 (1) 378
The user is then asked to define the path to the ice sheet model output, from which the modelled deglacial age 379 will be calculated and eventually compared to the data (Figure 4) . The user is also asked whether to base 380 deglacial timing on an ice thickness or grounded extent mask variable (Table 2) . If the user selects thickness, the 381 margin is defined by an increase from 0 ice thickness. For the mask, the user is also asked to supply the number 382 which refers to grounded ice extent. The timing of advance is then determined by the change of a cell to this 383 number ( Figure 5) . 384
Geosci quantify the difference between the simulated timing of ice sheet advance and retreat and those from a chosen 510 dataset, and allows production of cumulative ice coverage agreement maps that should help distinguish between 511 less and more promising runs. We envisage that this tool will be especially useful for ice-sheet modellers 512 through justifying model choice from an ensemble, quantifying error and tuning ice-sheet model experiments to 513 fit data. In the case where locations or regions of data cannot be fit by a model, and all model uncertainty has 514 been accounted for in an ensemble simulation, the comparisons made in ATAT may also highlight that data re-515 evaluation is necessary. ATAT is supplied as supplementary material to this article. 
General Instructions 525
ATAT is written in python, and distributed as both .py script, for use in Python 2, and a .py3 script, for use with 526
Python 3. The tool requires instillation of Python and the following freely available Python packages: 527
• netCDF4 (https://pypi.python.org/pypi/netCDF4) 528
• numpy (http://www.numpy.org/) 529 Geosci 
